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Abstract. The earth’s magnetosphere provides an
-.... .-

~deal opportur.ity to
‘connection in well known geometries that are close enollghto the
Idealized analytic models to make a comparison of the computer. models
with analytic theory meaningful. In addition more detailed, even three-
dimensional, models can be used for a comparison with extended data from
in situ observations. The computer studies have basically confirmed the
reconnection picture that was based on two-dimensional steady state
models and linear analytic theory. The three-dimensional models in
particular have also added a lot more information on the reconnection
process and the structure of flow, magnetic fields, and currents
including many features that are consistent Witil ob-rvation~ and
empirical models of geomagnetic substorms,

. .
i. INTRODUCTION

Modeling reconnection in the Earth’s magnetosphere has several
advantages that cannot be met anywhere else. On the one hand, the
underlying equilibrium structures are well known from observation and
can be described, in some cases even to a high degree cf sophistication,
by self-consistent analytic models. They are close enough to simplified
structural, such as, for instance, a plane current sheet, that form the
base of most analytic work on reconnection, to make a comparison with
such analytic work meaningful. The equilibrium or quasi-equilibrium
structure . however, also contain small deviations from the simple
geometries, which might be important .~n influencing the reconnection
process. An exurnpleis the small magnetic field component perpendicular
to the current shezt or plasma sheet in the geomagnetic tail. There is
no doubt that :here can be a stabi’.izing effect of such a normal
component, and as we will see later it also influencl:s the dynamic
evolution by the ~symmtry that is associated with its I’resence*

On the other hand, there is the great advantage that the results
from reconnection models can be compared with in sj.tu satellite
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measurements, which are provided e~’en in much more detail than any
present theory can cope with.

Although reconnection procasses have been suggested to occur also
in other than the earth’s magnetosphere (e.g., Nishida, 1983),all
computer studies of magnetospheric reconnection have been devoted to
processes in the earth’s magnetosphere, mainly because of the above
mentioned detailed knowledge about .those processee from observations but
also becauce the earth might serve as a representative example for any
ma~netospheric reconnection. Also, most of the present reconnection
models are highly idealized and therefore general enough to have
applications not only in magnetospheres but possibly also la stellar
atmospheres and other, eveu extragalactic, objects.

I%connection in the earth’s magnetosphere is a consequence of.the

interaction with the solar wind plasma as demonstrated by Fig. 1. At
the frontside reconnection leads to a transfer of magnetic flux from the
solar wind and the region af closed magnetospheric field lines into the
region of open field lines that have only one foot connected to.the
earth. The occurrence of front side reconnection is strongly favored by
a southward ccmponent of the interplanetary magnetic field. Without
additional reconnection ii the tail the magnetic flux on open field
lines must increase in time and l.ecome stored in the lobes of the
geomagnetic tail. On the average (but net necessarily at each instant
of time) this flux transfer must be compensated by a transfer of flux
from the nightside lobes back into the solar wind and into the closed
field line region. The widely accepted view is that this occurs by a
nonsteady process in the near tail at about 15 ~, in so called
masmetospheric substonns, but possibly also by a more s~eady
reconnection process in the ‘fartail beyond the moon’s distance. Before
lobe field lines can reconnect (Fig. lc) in the near tail, the”closed

plasma sheet field lines in between them must reconnect firot. This
leads to somewhat sh~rter more dipolar-llke field lines earthward fiou
the reconnection region and to detached closed loops forming a so-called
~ tallward from it (e.g., lbnes, 1979). This plastnoidmoves
tailward and leaves a vexy narrow plasma sheet behind ,(Fig. lb). Thin
process seems to occur quasi-periodically with a reformation of the
original piasma sheet in between.

2. THZ MODELS .

The optimum model.would include the retire magnetosphere using ,thf
earth’s dipole and the ionosphere on one side and the unperturbed solal
wind on the other side as boundary conditions. There are indeed aucl
models which will bo di.ccussedin Section 3, in two and even three spkct
dimensions. The drawback of most of these models is that resistivity
which is nkcessary to allow for reconnection, ia provided by numurica:
e?fect* rather than by a phy~l.calinteraction. Still they have givtI
relevant results on the global shape OL the magnetoapher~ ●nt
reconnection sites.
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Figure 1. Schematics of reconnection regions of the earth’tt
uametosphere. The fiuure shows magnetic field lines in the noon”~.
midnight meridian plane and flow vectors (open arrows). a. Frontsid~\

reconnection with transfer of magnetic flux from the solar wind and th~~
front side magnetosphere into the lobes of the night side magnetotail~
b. New reconnection in the tail with the fcrmation of a magmti.c islan~~
(“plasmoid”) that subsequently moves tailward. c. Late: stage o!

magnetotail reconnection with transfer of magnetic flux from the lobe;
into the closed nightside region and the,solar wind.

!
f

On the other side there are models dealing with more localize
i

regions, such ~S the magnetotail, or wfth current sheets in general/
These models can give a more deteiled knowledge of structural changtss’

flows, currents, and so on generated by the reconnection process. Thee

models do not include the interaction with the solar wind, or accour

for it only by some aasum’~dmagne~ospheric response at the ~i~llllatit
boundary inside the .fiagnetopause.

I
Ncne of the models so far i.nclud[

the interaction with the iunosphnre and a posef.ble feedback fr~

ionospheric currents and electric fields,
/
i
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In this paper we will concentrate on the results of the most
advanced, primarily three dimensional, nonlinear time dependent computer
models of reconnection. We will not deal with the models of laboratory
experiments with their mostly toroidal or cylindrical geometry which
produce some peculiarities.

The mean free path for binary collisions in the magnetosphere is
extremely long, much longer than any other length in the magnetosphere.
The plasma can therefore be treated as collision free. The best method
of simulation, at least in principle, would inr.ludethe full ion and
electron dynamics. :Suchmodels (e.g., Katanuma and Kamimura, 1980) are,
however, until now restricted to simulation system sizes of several
Debye lengths only, i.e., of the order of several hundreds of meters.
This is much smaller than the typical equilibrium scales, which are a
few RE for the plasma sheet half-width and roughly 1000 km for the
magnetopause thickness. Hybrid codes that inglude*the full ion dynamics
but treat electrons as a fluid (e.g., Terasawa, 1981) can at present
deal with scale sizes of a few ion Larmor radii (from several hundrads
to a few thousands of km) which is comparable to the thickness of the
magnetopaus? but still somewhat smaller than the plasma sheet thickness,
at least before thinning associated with the dynamic phase of substorms
has occurred. These codes, however, loose the electrostatic effects
from individual electron motion.

The very large scale structures and dynamics finally can be ‘dealt
with only by fluid or KHD approaches. The microscopic collisonless
process that leads to the deviatiorifrom ideal MHD with frozen-ii fields
is usually represented by some more or less ad hoc scalar resistivity.
This model can be justified by the following view of the initiation of
reconnection:

A dririn3 force leads to a gradual compressl.onof the cur~ent sheet
until a stability limit for a microscopic instability is exceeded. The
m;croin~tability leads to wave turbulence and through wave particle
interaction to an anomalous resi.stivitywhich initiates the large scale
reconnection process. The mostly discuzsed candidate for this
mi.croturbul,eaceis the lower-hybrid drift instability because of its
relatively low threshold (Hubs et al., 1978).

An alternative is the possibility that the collisionless
instability itself is of large spatial scale. Again a driving force is
needed to compress the current shee~ ~nd in particular reduce a normal
magnetic field component until ions become non-adiabatic in the canter
and are no longer tied to the fieli lines (Schindler, 1974; Galeev and
Zelenyi.,1977; Goldsteii. and Schindler, 1982).

In either case, deviations from ideal MHD are Lmportant only in
very localized regions inside the current sheets. It is therefore
plausible that the large scale spatial pattern of magnetic field and
flow velocity is governed by ideal MHDreaardlcsw of what Iocalizad
process enables the growth of the reconnection mode. This is ●lso ●
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possible justification of discussing reconnection within ideal N
models, where resistivity is purely numerical. The situation might
comparable to the theory of shocks where useful jump conditions can
derived without knowledge of the details and the dissipation mechani
within the shock.

In this papet we will focus on the large
dynamics of the reconnection process and therefore
results from the MHD models.

3. GLOBAL MODELS

scale structures
discuss mainly

a
t

The first attempt to model a two-dimensional magnetosphere it
global way including a- (line) dipole field for the ‘earth- and t
streaming solar wind was made by Leboeuf et al. (1978). Ai

consequence of a discontinuity in their solar wind boundary condit~
representing a southward rotation of the magr.eticfield they report
enhanced reconnection at the front side and in the tail and t
formation and subsequent tailward motion of a region of closed magnel
loops corresponding to the vlasrnoi&in phenomenological substorm modl
(e.g., Hones, 1979). The resistivity in the so-called MHD particle C(
by Leboeuf et al., however, was purely numerical corresponding to a w
low magnetic Reynolds number ~ % 3 -10 and a very short diffusion t
tD =Rz where zA is the typical MliDtime scale of e.g. Alfv4n wavl
As a ‘consequence the resulting magnetosphere, which was of the t:
suggested by Dungey (1961), had a very short tail. It differed o:
slightly from the simple superposition of a line dipole and
homogeneous interplanetary field which is expected to result
infinitely fast magnetic, diffusion. The model also suffered somew’

o
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Figure 2. Magnetic field lines in the noon-midnight meridian plane
the gloial simulation by Lyon et al, (1981). a. After a southt
magnetic field has been incident for one hour. b, . 20 min~lteslater
peak of tail reconnection.
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from the fact that periodicity in the z direction (north-south)
assumed which meant that instead of the solar wind interaction with ●

single magnetospheres actually “the interaction with a lattice of
magnetospheres was treated.

Subsequent 2D global simulations (Lyon et al., 1980, 1981;
Brackbill, 1982) tried to reduce the numerical resisr,ivity. Figure 2
shows results from a simulation by Lyon et al. (1981). Following a
southward turning of the magnetic field in the incident solar ti-nd,
steady reconnection at the frontside was found leading to tailward
convection of magnetic flux stretching the tall and increasing its field
strength. About an hour later reconnection in the tail started as s
sponta<acous process. The resistivity in this model allowing fox
reconnection was still purely numerical.

More recently, Brackbill (1982) presented a 2-~D global slmulatiot
using the current density dependent r<sistivity model of Sato ●nt
Hayashi (1979). Because of the inherent numerical resistlvity th(
maximum representable Reynolds number Rm was about 50. Figure 3 shows {
sequence of evolution in the pr,esence of southward interplanetary:
magnetic field showing front side reconnection and subsequently tai:
deformation and tail reconnection.

Leboeuf et al. (1981) were the first to make theix global mode
three-dimensional. With a southward solar wind magnetic field tht
found again a Dungey type magnetosphere with X-type neutral lines at th
front and in the tail. But because their numerical resistivity wa
still as high as in the 2-D model it is not surprising that thei

Fiuure 3. Magnetic field lines in the noon-midnight meridian plan~ in
global simulation by Brackbill (1982) for time instants indicatgd in t!
fibl~res. Time units are RE/Vs where Vs is the eolar wind e +etl.
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resulting configuration was close to the superposition of dipole field
and uniform interplanetary field.

Shortly after other global 3-D models followed with reduced
numerical diffusion. Brecht et al. (1981) reported results similar to
their 2-D simulations with reconnection still based on numerical
resistivity. The basic reconnection picture was found again. However,
the magne:ic field configuration in the tail plasma sheet was found to
be more complicated with multiple neutral lines moving tailward while
others formed newly closer to the earth. This result is similar to a
result by Birn and Hones (1981) using a model of the tail only, which
will be discus~:edin more detail in the following section.

4. MODELS OF LOCAL RECONNECTION
●

Global models of the magnetosphere including the discontinuities of
the bow shock and the magnetopause almost unavoidably contain a large
amount of numerical difiusion which makes the study of the dynamic
reconnection process and its dependence on physical interaction
mechanisms difficult (fortunately, many large scale characteristics seem
not to depend much on the details of the interaction mechanism). More
local models which deal with only one of the possible reconnection sites
usually have less problems with numerical diffusion. They gain more
insight into the details of the structures around tbe reconnee.tion
region, however, loose the interaction with the solar wind except for
the possibility of prescribing boundary conditions which might reflect
this interaction. They usually start from equilibrium configurations
which are mostly simple one-dimensional sheets and can be described
analytically. The resistivity models, however, vary.

In a 2-D simulation, Ugai and Tauda (1977) initiated reconnection
in a plane current sheet by locally enhancing the resistivity. The
maximum resistl.vitycorresponded to ~ = 10 with a background value of

?!
- 10000 They found a pattern of fast flow and a quasi-steady state

( suds and Ugai, 1977) similar to analytic ,steady state models
(Petschek, 1964) using open boundary conditions that allowed for free
outflow and inflow.

Suto and Hayashi (1979) tried to model “he generation of anomalous
resistivity by a current dependent resistivity of the form

a(j-jc)2 for j > jc
n“{

o otherwise

They started also from a one-dimensional plane current sheet using a 2-D
code. Because the current density had to exceed the threshold j before ;
resisitivity was generated and reconnection could be initfated, a ~
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Figure 4. Computer plots of reconnectin~ magnetic field Iial?s(left)
and plasma flow-vectors (right) in a two-dimensional model by Sato and
Hayashi (1979). All variables are normalized by combinations of the
initial maximum magnetic field, density, and plasma sheet half width.

driving force was necessary to gr~dually compress the current sheet and
increase the current density. Sato and Hayashi assumed a nonuniform
inflow with a maximum speed of initially typically 20% of the Alfv6n
speed at the boundaries parallel to the current sheet. me
perpendicular boundaries were treated as “fre~” or “upen.” Sato and
Hayashi found again the typical flow pattern around an X-type neutral
point (see Fig. 4) including narrow current layers that were identified
as the slow shocks existing Sn Petschek’s (1964) model. They also found
that the electric field at the X-point saturated at a level that
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Figure 5, Magnetic field lines in a two-dimensional simulation of taii
re~onnection by Birn (1980) for selected times: (a) t=O,
(b) t = 110, (c) t = 135, (d) t - 150, (e) t = 165, (f) t - 170,
(g) t = 180, and (h) t = 185; all tines normalized by L/VA where L is
the characteristic plasma sheet half width and VA the Alfv6n speed. .

depended on the infloh velocity, i.e.~ O.Ithe external electric fieid.
This is why they called their recon~evct~~prozess externa~l~~iven.

... ..
Different results concernin8 the role of an external driving

mechanism were reported by Birn (1980) and Ugai (1982) using two-
dimens.ionalresistive models and by Terasawa (1981) using a two-
dimensional hybrid particle simulation code which treatzd electrons as a
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fluid. Terasawa started from a Harris plane sheet equilibrium (Harr$.s,
1962) using periodic boundary conditions in the direction along thf
sheet. He found a phase of norilinearmore rapid growth of the tearin{
mode before saturation, which was similar to the explosive mode propose{
by Galeev et al. (1978). Ugai’s mc’ L was a continuation of tht
earlier 2-D calculations by Ugai and Tsuda using a more sophisticate
model of localized resistivity which included a threshold for rise ant
decrease of anomalous resistivity. As the initial drift velocitj
exceeded the onset threshold ~low reconnection started imuediazely,
After some time interval chari?cterized by a decay of the initfa;
resisti~ity a fast “explosive” increase of reconnection occurred eve
when the open boundary parallel to the current sheet was replaced by ;
rigid wall.

Birn (1980) started from a more realistic initial tai
configuration including a finite normal magnetic field component an
flaring of the lobe field lines (Fig. 5al. Aftec applying constaa
resisitivity with ~ = 500 he found the growth of a tearing instability
leading to thinning of the plasma sheet and to the formation of neutra
points and a ~lasmoid. moving -ailuard (Figures 5a-h). A pattern”o
strong flow was set up around the X-point similar to the Petschek mode
(Fig. 6). He also found sheets of enhanced current density similar t
those feud by Sato and Hayashi (1979) related to the slow shock
postulated by Perschek. Similar results were recently obtained b
Forbes and Priest (1983) starting from a plane sheet config!tration bu
in~.educing asymmetry in the x coordinate along the sheet throug
asymmetric boundary conditions with line-tying at the near earth sid
and ope~?boundaries elsewhe~e.

‘1
v. 1.0 I

I
1,,, ● **. . . . .

$ ‘ ‘ ‘ ‘ ● .“.”. ● --”.O ..*** # .
● ,** . . . . --- II

Figure 6. Velocity pattern at t = 180 for the same simulation as !
Figure 5. The dashed line represents the magnetic field separ%tr!
through the X-point; the dotted llne- represents maxima of electr]
current density for x = const. (from Birn, 1980).
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Figure 7. Szlf-consistent three-ditnensional magnetotail equilibrium
configuration by 3irn (1979) used as initial configuration for the
three-dimensional reconnection simulati~n by Birn and Hones (1991). The
figure shows maganetic field lines in the midnight meridian X,Z plane
and close to the magnetopause boundary. The plasma sheet is ir,~icated
by dark shading and the dashed line. The n~ar earth part (not used in
the simulation) is not calculated and added only for better illustration
(frum Birn, 1979).

Subseque.~tly Birn’s model was made three-dimensional (Birn and
Hones, 1981) starting from a self-consistent three-dimensional tail
equilibrium (Birn, 1979; Fig. 7). a~gainthe growth of the tearing mode
was initiated by the onset of (constant) resistivity (~ = 200)0 Plasma
sheet thinning and the formation of a neutral ljne and the tailward
moving plasmcid were ob6erved again with the picture in the midnight
merjdj.anplane very similar to the 2-I.)model (Figs. 5 and 6).

The t-lird d~mension, however, enabled new results not present in
the 2-D models. This is demonstrated by Figure 8 which shows flow
velocity Vf3CtOL’S and the neutral lines (dotted lines) in the equatorial
x,y plane. Reconnection and strong flows do not occur across the entire
tafl as they w~uld in a 2 D model but are restricted to a center region
where also the thinaif~~,takes place, This is a consequence of the 3-D
equilibrium wjth plasma sneet thickening and correspondingly an j.nc.rea~e.
of the nornml magnetic field component Bz toward the dawn and dusk
flanks of the Lnagnetotail.

l%e pattern is also more complicated than in 2-D. The region of
strong tnilward flow dons not exactly coincide with the region where B
has changed sign, which is enclosed by the neutral line. The rieutraf
line itself is more complicated and can become multiple similarly as
reported by Brecht et al, (1981).
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Figure 8. Flow vectors and magnetic neutral lines (dottd lines) in the
equatorial x,y plane In a ti]ree-dimensional magnetotail reconnection

simulation by Bfrn and Hones (1981). Times as shown on the left are
normalize in the same way as for Figure 5. The length of the flow
vectors is proportional to the speed with the maximum vectors
corresponding to about 0.7 in units of the typical Alfv6n velocity.

Of special intere3t is the current pattern in and around the
reconnection region ~nd around the plasmoid. Before we discu6s this it
is useful to visualize the 3-D structure of field lfnes in and around
the plasmoid as shown in Figure 9. The field lines are represented
above the equatorial plane as seen from the tail toward the earth. The
centerward draping of the field lineg causes a shear of the magnetic
field and thereby field aligned currents in particular close to the
separatrix surface, i.e., the field lines originating from the X-1ine,.

The currents are shown in Figure 10 by vectors oi current density
in the equatorial x,y plane and by projections in a c.rou:,.section of the
tail. Figure l~a shows a deviation of the current vector# from the
originnl cross-tail direction. The deviation esrthwakd from the main
X-1ine 1s earthward on the dawnsj.de and tailward on the dusk side.
Oppositely directed deviations aye found tailwarclfrom the X-1ine, It
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Ficure 9. Three-dimensional representation of mametic field lines
co~puted by the 3-D model of
minutes after reconnection
lines into the x,y plane ace
1982).

looks as if the ~urrent
region. A similar deviation

Birn-and Hones (1981) fo~ a time about 12
begins, I%ojec-.lonsof the magnetic field
shown by light lines (from Hones et al.,

tends to flow around the center diffusion
1s found in the cross-sections of constant

x’ at some distance from the X-line. The current tends to flow around
the plasmoid. The current density inside the plastnofd is reduced and
can even become oppositely directed (Fig. 10b).

Similar results on ~ are recently reported by Sato

et al. (1983) in a model of 3-D driven reconnection, The model was
similar to their previous 2-D models already mentioned. The initial
conf’.gurationwas again a plane current sheet. The dependence on the

other directions was introduced, and the reconnection was driven by a
nonur.lforminflow velocity at the boundaries parallel to the sheet with
a maximum at some center point, Figure 11 shows the current density
vectors in the equatorial X*Y plane and some parallel plane ~~bove. One
can see, even more pronounced ?ban in the model of Uirn and Nones, the

oppositely directed currents at some distance from the X-line which ~S

in the center of the frame. ‘l’hecurrents get partly concentrated right
at the X-1ine and tend to flow around it at hl~hnr letitudes.

Although th~re La ~ome similarity of t}le two 3-D models discussed
above in the changes of current flow, thejield &LigrA& currents+that
are found in both models earthward from the X-1ine have opposite
,~ix,Ctione flnwing toward the earth on the dawn side nnd away on the
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Figure 10. Current density vectors (a) in the equatorial x,y plane and
(b) projections in the plane x = 40 for a three-dimensional magnetotail
reconnection simulation of Birn and Hones.

dusk side in the model of Sato et al. and the opposite way in the model
of Birn and Hones. This need not be contradictory as ~he two approaches
were quite different. Both field aligned current systems are realized
in the magnetosphere, and it is indeed conceivable that the outer system
which has the signatures of that found by Sato et al. ie indeed
externally driven while the inner system corresponding to that found by
Birn and Hones is caused by the inte~nal dynamics. .

5* SUMMARY

We ha-fe presented a variety of models of the dynamic evolution of

the llagnetosphcce and sheet like configurations as they are present at
the magnetopbllseand in the magnetotail and probably in many other
astronomical bjects as well. It seems thab the typical reconnection
pattern predicted by the 2-D ~teady state theory (e*g., Petschek, 1964)
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can be found for a variety of different initial co~figurations, boundary
conditions, and resistivity models, even though most of the models did
not reach a steady state. Although the basic view of reconnection
formed by Petschek’s steady state mode’.and the linear tearing theory
(F\@..thet al., “.363)is thus very wel~ .onflrrnc~,the models added SISO
more information about the nonlinear phase of evolution and about tile

3-D structure in more realiatic geometries especially for the
geomagnetic tail. Many of the features that were found are consistent
with basic features of phenomenolo3ical substorm models, e.g., plasma
sheet thi.ining,neutral line formation, plasma acceleration to speeds of
the order of the Alfv6n speed, current diversion, and the generation of
field-aligned currents. The ❑odels have also shown that reconnection
may be a localized phenomenon in thtesense that it occurs only in a
limited region of a current sheet configuration where the normal
magnetic field component j.aweakest. Although this result stems from a
magnetotail model, it might also be some clue for the understanding of
the patchy type of magnetopause reconnection that is believed to occur
in the so-called flux transfer events (Russell and I?lphic,1978).

Improvements [Ireneeded to include the particle effects in more
realistic geometries including for instfince a normal magnetic Aeld
component Bz in the magnetotail current sheet. ‘[nthis context .lt is
useful to point out that it is necessary for such simulations also to
include the lcbe regions around the plasma sheet where Bz changes sign

because a c.onfl.gurationwith the same sign of Bz cverywh~re would be

stable (Birn et al,, 1975).
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